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Abstract
Advanced next generation sequencing approaches have started to reveal the cellular and molecular complexity of the
microenvironment in many tissues. It is challenging to obtain high quality RNA from mineralised tissues. We
developed an optimised method of RNA extraction from feline teeth collected in a clinical setting and at post
mortem. Teeth were homogenised in phenol-guanidinium solution at near-freezing temperatures and followed by
solid-phase nucleic acid extraction utilising a commercially available kit. This method produced good RNA yields
and improved RNA quality based on RNA integrity numbers equivalent (RINe) from an average of 3.6 to 5.6. No
correlation was found between RNA purity parameters measured by A260:280 or A230:260 ratios and degree of RNA
degradation. This implies that RNA purity indicators cannot be reliably used as parameters of RNA integrity. Two
reference genes (GAPDH, RPS19) showed significant changes in expression levels by qPCR at low and moderate
RINe values, while RPL17 was stable at all RINe values tested. Furthermore, we investigated the effect of quantity
and quality of RNA on the quality of the resultant RNA sequencing (RNA-Seq) data. Thirteen RNA-seq data
showed similar duplication and mapping rates (94 to 95%) against the feline genome regardless of RINe values.
However one low yield sample with a high RINe value showed a high duplication rate and it was an outlier on the
RNA-seq multidimensional scaling plot. We conclude that the overall yield of RNA was more important than
quality of RNA for RNA-seq quality control. These results will guide researchers who wish to perform RNA
extractions from mineralised tissues, especially if collecting in a clinical setting with the recognised restraints that
this imposes.
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Introduction
Teeth consist of connective tissues and highly specialised
cells that produce a unique extracellular matrix composed
of organic matrix proteins and inorganic minerals.
Alveolar bone and deciduous teeth resorption during tooth
eruption and shedding is a complex process that is tightly
regulated at the molecular level (Ten Cate and Nanci 2003;
Bei 2009). In permanent teeth, mineralised tissues such as
enamel, cementum and dentine do not turn over or have
limited regeneration capacities. The hard tissues of the
tooth can be resorbed under pathologic conditions such
as inflammation, mechanical trauma or idiopathic tooth
resorption (TR) (Darcey and Qualtrough 2013). The exact
mechanisms behind the pathological resorption observed
in idiopathic TR are still unclear. Gene expression profiling
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of dental samples is of great interest to help map physio-
logical pathways as well as identifying the pathways in-
volved in pathological conditions at the cellular and mo-
lecular level. Recent studies of the oral and dental tran-
scriptome have started to unveil the molecular complexity
of the dental microenvironment (Simmer et al. 2014; Hu
et al. 2015). Whilst in vitro studies are fundamental to the
study of these cellular and molecular events and genetical-
ly engineered rodents have been important models in den-
tistry, there is a necessity to utilise human or companion
animal derived tissues from clinical archives. Since both
ethical and logistical considerations can limit the sourcing
of human and companion animal derived tissues from
clinics, it is important to maximise utility of collected tis-
sue samples for research purposes.
As high-throughput sequencing techniques are now used
more frequently and the cost of such studies is continuing to
decrease, it is likely that more clinical veterinary studies will
be able to utilise these evolving and cutting-edge approaches.
Advanced high-throughput systems especially next genera-
tion sequencing, require high quality of RNA. However, in
some cases it can be hard to avoid RNA degradation during
sample collection. For example, due to the practical limita-
tions, samples may be stored at suboptimal conditions for a
period of time. Certain tissue types, in particular mineralised
tissues, are difficult to homogenise. In addition, the collection
procedure itself may accelerate RNA degradation, for exam-
ple heat generated by a dental bur during tooth extraction can
be detrimental to RNA quality.
Routinely, total RNAyield, purity and integrity are evaluat-
ed for RNA quality control. The most rapid and commonly
used method for quantification of nucleic acids is to measure
ultraviolet (UV) absorption of RNA sample by spectrophotom-
etry (Manchester 1996; Desjardins and Conklin 2010). One
commonly applied metric for the assessment of RNA purity
is to calculate the ratio of absorbance at 260 and 280 nm (the
A260:280 ratio) and at 260 and 230 nm (the A260:230 ratio). The
development of microfluidic capillary electrophoresis has
allowed the assessment of RNA quality with low volumes of
sample (1 μl) through direct trace observation and automated
calculation of the 28S:18S ratio (Schroeder et al. 2006).
Currently the RNA Integrity Number (RIN) algorithm is the
industry standard for RNA quality assessment.
Degradation of RNA might be a minor problem in
hybridization-basedmicroarray, in which each expressed gene
is measured by a few short and distinct probes. One microar-
ray study reported that only a small portion of probes (0.67%,
275/41,000) were significantly affected by RNA degradation
and biological differences far outweighed RNA degradation
(Opitz et al. 2010). In recent years, sequencing based plat-
forms like RNA-seq have been extensively applied, in which
RNA degradation can be more problematic as degraded RNA
can distort yield of sequencing reads which represents
abundance of transcripts. Thus RNA degradation could be a
major source of variation when measuring gene expression
using RNA-seq data (Wang et al. 2016). There is still an on-
going controversy as to what extent gene expression results
are affected by RNA degradation in order to decide which
partially degraded samples to include in an analysis. In partic-
ular, mineralised tissues are notoriously difficult as it can be
difficult to obtain high quality RNA with the conventional
phenol- chloroform protocols or commercial kits. Several pro-
tocols have been suggested to improve RNA quality from
mineralised tissue including preserving samples in liquid ni-
trogen (Carter et al. 2012). The purpose of this study was to
develop an improved protocol for processing samples and
extracting RNA from hard tissues collected in a clinical setting
with the limitations that this entailed. Here we evaluate the
quantity and quality of RNA extracted from feline tissues
focusing on teeth from TR free and TR affected cats for next
generation sequencing. We also assessed the impact of RNA
degradation on reference gene expression by quantitative PCR
and on the quality of the RNA sequencing data.
Material and methods
Sample collection and tissue processing
Clinical tooth samples were collected from cats presented to
the Hospital for Small Animals, The Royal (Dick) School of
Veterinary Studies, The University of Edinburgh, UKwith full
owner’s consent. TR was diagnosed by the combination of
oral examination and intraoral dental radiography (Heaton
et al. 2004). The TR affected teeth were extracted by a veter-
inary surgeon using standard dental equipment under full gen-
eral anaesthesia (Reiter and Soltero-rivera 2014). Further re-
search samples including teeth, maxilla, mandibles and vari-
ous soft tissues including muscle, liver, intestine and gingiva
were collected at post mortem from cats and dogs euthanized
for a wide range of medical reasons and donated to the school
for research.
The clinical samples underwent one of the following pro-
cesses: protocol A) immediately stored in RNAlater® solu-
tion (Thermo Fisher Scientific) (Fig. 1, Step 1. A) at room
temperature or protocol B) snap frozen in liquid nitrogen be-
fore storage at −80 °C (Fig. 1, Step 1. B).
Post mortem samples consisting of mandibles or maxillae
underwent the following processes: protocol C) immediately
snap frozen in liquid nitrogen and stored at −80 °C until as-
sessment of TR status by radiography (Fig. 1, Step 1. C). To
phenotype TR status, frozen jaws were delivered to the radio-
graphic facility in a liquid nitrogen carrier, radiographed, and
then immediately put back into the liquid nitrogen. In order to
extract the teeth from the frozen jaws, a standard dental ex-
traction technique using dental equipment was used (Reiter
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and Soltero-rivera 2014). However, RNA extracted using this
technique was badly degraded (average RINe = 4.0), which
might have been caused by the heat produced by the dental
burs during tooth extractions from the frozen samples. An
alternative method was therefore developed where teeth were
extracted from the alveolar sockets of the jaws using bone
cutters and forceps while maintaining cold temperatures by
working over dry ice.
Further tissue samples were also collected at post
mortem (bones and various soft tissues), and processed ac-
cording to: protocol D) tissues were trimmed into small
pieces, snap frozen in liquid nitrogen and stored at −80 °C
until RNA extraction (Fig. 1, Step 1. D).
RNA extraction
Two different RNA isolation protocols were compared: pro-
tocol 1 and 2. TRIzol reagent is a commonly used solution for
soft tissues and is based on a guanidinium thiocyanate-phenol-
chloroform extraction method (Chomczynski and Sacchi
1987). Protocol 1 was a modified version of the manufac-
turer’s protocol (TRIzol® reagent, Thermo Fisher Scientific,
Fig. 1, Step 2). In brief, frozen tissues were placed in a beaded
tube (Lysing Matrix D tubes, Fisher) with TRIzol® reagent
(1 ml/100 mg of tissue). The sample tube was placed in the
FastPrep FP120 (Thermo Savant) to agitate at a speed of 4 m/s
for 20 s. Each tube was incubated at room temperature for
5 min before adding 0.2 ml of 1-bromo-3-chloropropane
(BCP B9673, Sigma). After vigorously shaking the tube by
hand for 15 s, the tube was left to stand at room temperature
for 3 min. For phase separation, samples were centrifuged at
12,000 rpm for 15 min at room temperature and the upper
aqueous layer was transferred to a new tube. An equal volume
of isopropyl alcohol was added and incubated for 10 min on
ice. To precipitate the RNA, the tube was centrifuged for
30 min at 12,000 rpm at room temperature. The supernatant
was removed and the RNA pellet was washed with 1 ml of
75% ethanol. The sample was briefly vortexed and centri-
fuged for 30 min at room temperature at 12,000 rpm. The
supernatant was removed and the RNA pellet was air-dried
for 5 to 10 min before RNAwas re-suspended in RNase free
water.
Protocol 2 was modified from a previous study (Reno et al.
1997) and optimised for cartilage and tendon in our lab
(Clements et al. 2006) (Fig. 1, Step 2). To facilitate disruption
and pulverisation of hard tissues, we used a grinding machine
consisting of a stainless steel jar and ball (Mixer Mill MM200,
Retsch, Germany). The grinding jar and ball were submerged
in liquid nitrogen for a few minutes before use to ensure that
the sample remained frozen during homogenisation. TRIzol
reagent (0.5 ml/100 mg of tissue) was added to the pre-chilled
jar and allowed to freeze. Frozen tissue and the pre-chilled ball
were placed into the jar and the lid firmly closed. The Mixer
Mill MM200 was set at 30 Hz for 2 min to perform radial
Step 1. Tissue processing  
A. Teeth 
into 
RNAlater® 
solution
B. Teeth 
snap frozen 
in liquid 
nitrogen
Post mortem samples
→ Entire upper and lower jaws, bones, and soft tissues removed 
immediately at post mortem
→ Jaws snap frozen in liquid 
nitrogen 
→ Radiographs for phenotyping
→ Teeth extracted and snap 
frozen in liquid nitrogen
→ Stored at -80°C 
Protocol 1
Homogenised tissues placed in a beaded tube  
at room temperature
→ Phase separation using phenol/chloroform
→ RNA precipitation using isopropanol
→ RNA wash 
→ RNA elution
Protocol 2
Pulverised frozen tissues and Trizol placed in 
pre-chilled stainless steel jar and ball at near 
freezing temperature using liquid nitrogen
→ Phase separation with phenol/chloroform
→ RNA binding to silica membrane column using 
RNeasy Mini Kit 
→ RNA wash including DNase digestion 
→ RNA elution 
Step 2. RNA extraction
Clinical TR samples 
→ Extracted under general 
anaesthesia using dental 
equipment 
C. Whole jaws with unknown TR 
status 
→ Tissues trimmed 
into small pieces 
→ Snap frozen in 
liquid nitrogen 
→ Stored at -80°C 
D. Hard and soft 
tissues
Fig. 1 Workflow of tissue
processing for RNA extraction
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oscillations in a horizontal position. The pulverized tissue was
transferred to a pre-chilled centrifuge tube containing
TRIzol® reagent (0.5 ml/100 mg of tissue). After a brief
mix, the mixture was left to stand for 30 min before being
centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant
was transferred into a clean tube and 200 μl of chloroformwas
added, mixed and left to stand at room temperature for 10min.
A further centrifugation step of 15 min at 12,000 rpm at 4 °C
was performed and the clear supernatant was transferred into a
clean tube. An equal volume of 70% ethanol was added to
each tube and mixed by pipetting. RNA was washed and
DNase digestion was performed according to the manufac-
turer’s instruction (RNeasy Mini Kit, Qiagen). RNAwas elut-
ed with 30 to 50 μl of RNase free water, and stored at −80 °C.
Measurement of RNA yields, purity and integrity
RNAyield was measured based on absorbance at 260 nm, and
the A260:280 and the A260:230 ratios were used to assess the
purity of RNA using NanoDrop™ 1000 Spectrophotometer
(Thermo Fisher Scientific Inc.). The RNA Integrity Number
equivalent (RINe) was determined utilising Agilent RNA
ScreenTape assay kit following manufacturer’s protocol on
the Agilent 2200 TapeStation. This produces an equivalent
RIN (RINe) value which is comparable to RIN generated by
the industry standard 2100 Bioanalyzer system for the quality
assessment of RNA as an industry standard bioanalyzer sys-
tem on a microcapillary electrophoretic RNA separation plat-
form (Schroeder et al. 2006). The Agilent software produces a
RNA integrity number, the correlating electropherogram, and
a gel image for each sample.
Assessment of reference gene expression levels
according to RINe values
To investigate the suitability of the feline tooth RNA samples
collected in our gene expression study, RNA samples were
divided into three categories based on RINe values (High:
RINe ≥ 6, Moderate: 5 < RINe < 6, Low: RINe ≤ 5) and quan-
titative real time RT PCR was performed for each sample. In
brief, 400 ng of RNA was reversed transcribed using
Omniscript® Reverse Transcription (Qiagen) with random
primers at 37 °C for 1 h according to the manufacturer’s in-
structions. Real-time PCR was performed with high affinity,
double stranded DNA-binding dye SYBR green (Takyon™
qPCR MasterMixes for SYBR® assays, Eurogentec) using
Stratagene MX3000P qPCR system (Agilent Technologies).
The sets of reference gene primers were selected from previ-
ously validated feline reference genes (Penning et al. 2007)
under universal cycling conditions including pre-incubation at
50 °C for 2 min and 95 °C for 3 min, 40 cycles of amplifica-
tion at 95 °C for 10 s, 60 °C for 20 s and 72 °C for 30 s, and
followed by data analysis at 95 °C for 1 min, 60 °C for 15 s
and 95 °C for 15 s. All samples were performed in triplicate
and cycling threshold (Ct) values of reference genes were
generated to compare gene expression level of each RINe
category.
Generation of cDNA libraries and RNA sequencing
Tested RNA samples were sent to our academic facility
(Edinburgh Genomics, The University of Edinburgh, UK)
for cDNA library production and RNA sequencing. Briefly,
one microgram of RNA from each of the thirteen samples and
0.8 μg of RNA from one low quantity sample were used to
generate fourteen cDNA libraries using the Illumina TruSeq
stranded mRNA sample preparation kit according to the man-
ufacturer’s instructions (Illumina, San Diego, CA, USA).
Paired-end sequencing was performed using the Hiseq 4000
system (Illumina). The low quality reads were filtered by
Phred quality score (Q score 30) (Ewing and Green 1998)
and 3′ adapter were trimmed with cutadapt (version 1.8.3)
(Martin 2011). All the raw reads have been submitted to the
European Nucleotide Archive (ENA) under accession
PRJEB24183 (ENA, https://www.ebi.ac.uk/ena).
Mapping to reference genome, generation
of mapping statistics, and generation
of multidimensional scaling (MDS)
Annotation and alignment were performed using STAR
(version 2.5) comparison to the Felis catus genome (ver-
sion 6.2) in the Ensembl database (Hubbard et al. 2002).
Alignment files were generated in the bam format for
each sample. The read counts from each sample were
generated using HTSeq (version 0.6.0.1) (Anders et al.
2015) with mode ‘union’. Reads were mapped to
Felis_catus_6.2 using STAR (version 2.5). Duplicate
reads were found using picard tools (version 1.141).
Generation of MDS plots were generated using
plotMDS function from edgeR package (version 3.12.1)
to visualise the level of similarity of individual cases of a
dataset.
Statistical analysis for RINe values and reference gene
expression by qPCR
Data were analysed using Minitab® 17 Statistical Software
(Minitab Ltd., UK). p values below 0.05 were considered
statistically significant and specific p values were noted.
When data followed a normal distribution, parametric tests
were performed. If parametric tests could not be applied,
non-parametric testing was performed. One-way ANOVA
was used to compare differences between more than two treat-
ment groups. Two sample t-tests or Mann Whitney U-tests
were used to compare differences between two groups.
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Correlations between two groups were assessed using
Pearson’s correlation coefficient.
Result
Good RNA yields were obtained from tooth samples
regardless of homogenisation step used
Obtaining a good yield of RNA from dental tissues is a
challenge because individual teeth are relatively small
and acellular compared to soft tissues. The wet weight
of teeth varied widely and ranged from 10 to 500 mg
depending on the type of tooth (incisors, molars, ca-
nines or premolars) or to which extent the teeth were
affected by TR. In this study, the protocols described
produced good yields of total RNA regardless of the
homogenisation step used. Samples between 100 and
500 mg of wet weight produced 2.0 to 12 μg of total
RNA which was higher than the minimum quantity re-
quirement set for next generation sequencing in our fa-
cility (Edinburgh Genomics, http://genomics.ed.ac.uk/
resources/sample-requirements). However, some samples
weighing less than 50 mg produced low yields of RNA
with total RNA less than 1.0 μg (50 to 60 ng/μL).
These samples failed to reach the minimum yield of
total RNA required (1.2 to 2.2 μg of total RNA) for
the assessment of RNA quality for standard RNA-seq
(Genomics 2017).
Tissue processing at collection significantly impacted
RNA integrity
The tissue processing procedures were performed ac-
cording to four different protocols depending on the
type of tissue and source of samples (Fig. 1). Teeth
preserved in RNAlater® solution (protocol A) obtained
the lowest RINe values with high variations (3.04 ± 1.8)
indicating highly degraded RNA (Fig. 2). This proce-
dure resulted in the expected distinct peaks of 28S
and 18S combining into one peak (Fig. 2, A top right
panel). Tissue processing protocols B, C and D showed
improved RINe values (Fig. 2) but still with partially
degraded RNA present. Partial degradation of RNA is
indicated by the presence of several extra small peaks to
the left of the 18S peak (Fig. 2, bottom right panel).
The main difference between protocol A and the other
three protocols was the method of tissue storage and
RNA stabilisation following collection. While protocol
A used RNAlater® solution for RNA stabilisation at
room temperature, the other protocols were immediately
snap frozen in liquid nitrogen.
RINe 
(Average 
± SD)
3.04 ±1.8
(n = 5)
5.85 ± 1.2
(n = 4)
4.8 ± 1.2
(n = 39)
5.7 ±1.2 
(n = 17)
A B C D
0
2
4
6
8
Comparisons of average RINe values achieved
according to processing procedure protocols
*
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es
a
c
Fig. 2 Average RINe values obtained from the different sample
processing protocols. Left graph reports each RINe value as the
average, bars show standard deviation (SD), n = number of samples
tested. When teeth were immediately frozen in liquid nitrogen (B:
clinical samples, C and D: post mortem samples), RINe values were
improved compared to samples stored in RNAlater® at room
temperature (A) (pP < 0.01 by One-way ANOVA). Right panel shows
representative gel images and electropherograms of RNA extracted using
protocols A and C. Highly degraded RNA (top right, protocol A) show
missing 18S peak and indistinct bands on the electropherogram. Protocol
C (bottom right) produced only moderately degraded RNA. The 28S and
18S bands are distinguishable on the electropherograms but several minor
peaks can be seen to the left of the 18S peak
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The homogenisation steps and tissue type had
a significant impact on RNA integrity
Tissue homogenisation is a critical step at which signif-
icant RNA degradation can occur. Protocol 1 (Fig. 1,
Step 2, homogenisation at room temperature using
beaded tubes) resulted in incomplete homogenisation of
the mineralised samples. This indicated that this proce-
dure was insufficient for these highly mineralised tissues.
When cat teeth were pulverized in cold TRIzol® reagent
according to protocol 2 (Fig. 1, Step 2), RINe values
were improved. In parallel studies, we also extracted
RNA from dog teeth and in agreement with our cat sam-
ples we also obtained improved results with protocol 2
for these tooth samples (Table 1). There were two rea-
sons why we wanted to also test dog tissues. One was
due to the greater availability of dogs’ teeth to test our
protocols, and secondly to test if these protocols were
also applicable for dog’s teeth. Dog’s teeth are bigger
and harder than cat’s teeth, and testing these teeth en-
sured a wider application of our protocol for other ani-
mals including humans.
To compare the different homogenisation steps on
different tissue types, teeth and soft tissues from dogs
were used. Regardless of protocol used, RNA from soft
tissues consistently achieved higher RINe values
(Table 2), suggesting that the less vigorous homogeni-
sation step using beads was sufficient to prevent signif-
icant RNA degradation when processing soft tissues.
RNA extracted from cat soft tissues such as muscle,
liver, intestine and gingiva using protocol 2 also showed
improved RINe values (average 6.9) when compared to
RNA obtained from hard tissues such as bone and teeth
(average 4.9, Table 2). In order to compare across spe-
cies we processed some dog tissues according to the
same protocols; dog soft tissues yielded higher RIN e
values (average 7.1 and 6.6 with protocol 1 and 2 re-
spectively) than those of tooth samples (Average 2.7
and 4.7 in Table 2) demonstrating how the protocols
used are less critical when working with soft tissues
rather than mineralised tissues.
There was no correlation between RNA purity
parameters and RNA integrity values
To investigate if there is a correlation between RNA purity and
integrity, extracted RNA samples from clinical samples col-
lected according to protocol B (snap frozen in liquid nitrogen)
and post mortem samples collected according to protocol C
(snap frozen within the jaw) were categorised into High,
Moderate, and Low RINe groups according to their RINe
values (High: RINe ≥ 6, Moderate: 5 < RINe < 6, Low:
RINe ≤ 5, n = 5 for each group (Fig. 3, B). All samples in the
high RINe group presented on the gel images and electrophe-
rograms with characteristics typical of intact RNA: tall 28S
ribosome peaks double the height of the 18S peak, and with
only a few small peaks of small RNAs and onlyminor signs of
RNA degradation. Themoderate RINe group showed partially
degraded ribosome peaks with a moderate height of 28S peaks
and extra peaks observed below the 18S peak. In the low RINe
group, 28S peaks were shorter than the 18S peaks and there
were several degraded RNA productions present (Fig. 3, A).
We then compared the A260:280 ratios between the three
groups using Spearman’s correlation coefficient. There was
no statistically significant difference between any two groups
which suggests that the A260:280 ratio does not correlate with
or represent RNA integrity (P = 0.781, Spearman’s correlation
coefficient). Similar patterns were observed when the A260:230
ratio was used (Fig. 3, Table 3), and no correlation was ob-
served between the A260:280 ratio and the RIN
e values (P =
0.197, Spearman’s correlation coefficient).
RNA degradation levels had an impact on reference
gene expression by qPCR
To investigate the impact of RNA degradation on gene ex-
pression levels, the three groups were tested for expression
o f t h r e e r e f e r e n c e g e n e s , g l y c e r a l d e h y d e - 3 -
phosphatedehydrogenase (GAPDH), ribosomal protein
L17 (RPL17) and ribosomal protein S19 (RPS19) using
qPCR. The qPCR reactions were performed using the same
amount of synthesized cDNA from each RNA sample and
cycling threshold (Ct) values for each reference gene were
generated. There was no significant difference in the ex-
pression of GAPDH between high and moderate RINe
groups, however the low RINe group revealed significantly
higher Ct values indicating low expression of GAPDH
(Fig. 4). For RPS19 the Ct values were significantly differ-
ent between the high and the moderate RINe groups (Fig. 4).
As high Ct value indicates lower gene expression, degraded
RNA correlated with a lower expression of reference genes.
Whereas expression of GAPDH and RPS19 in this study
was affected by RNA degradation, expression of RPL17
was less affected by the level of RNA degradation.
Table 1 Average RINe values achieved following the two different
protocols described in feline and canine teeth
Protocol Feline tooth samples Canine tooth samples
Protocol 1 Protocol 2 Protocol 1 Protocol 2
RINe 3.6 ± 1.3 5.6 ± 1.0 2.7 ± 1.2 4.7 ± 1.0
Average ± SD (n = 6) (n = 16) (n = 3) (n = 3)
All tooth samples were collected following tissue sampling procedures C
or D. Each RINe value is reported at the average with SD. Number of
samples tested shown in brackets
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Low yield affects quality of RNA-seq data regardless
of RNA integrity
Fourteen RNA samples from TR free (7 samples collected at
post mortem according to protocol C) and TR affected teeth (4
samples collected at post mortem according to protocol C and
3 clinical samples collected as described in protocol B) were
chosen from the feline tooth resorption study. The quality of
cDNA libraries and sequencing was measured by the percent-
age of duplicated reads and mapped reads (Table 4)
(Supplementary Table S1). As cDNA library complexity is
determined by duplication rate, high duplication rate is often
caused by degraded and fragmented RNA. Interestingly one
sample that yielded low quantity of RNA but achieved a high
RINe value (RINe = 7.3) showed much higher duplication rate
than any of the other samples. After annotation to Felis catus
Fig. 3 RNA purity and integrity. Fifteen RNA samples were divided into
three groups: Low, Moderate and High according to their average RINe
values. On the left three gel images and electropherograms are shown as
representative images of each group (A). Arrow heads on the
electropherogram indicate small RNA and arrows indicate degraded
RNA productions. The average RINe values from each category was
statistically different between the groups (*P < 0.05, Mann-Whitney U-
test) (B). In terms of both A260:280 ratio and A260:230 ratio, there were no
statistically significant differences between any two groups (P > 0.1,
Mann-Whitney U-test) (C and D). Low: RINe ≤5, Moderate: 5 < RINe
<6, High: RINe ≥6. Bars indicate standard deviation
Table 2 Average RINe values
achieved using different feline
and canine tissues and the two
protocols described
Type of tissues Feline tissues using Protocol
2
Canine tissues using
Protocol 1
Canine tissues using
Protocol 2
Hard tissues Soft tissues Hard tissues Soft tissues Hard tissues Soft tissues
RINe 4.9 ± 1.3 6.9 ± 0.7 2.7 ± 1.2 7.1 ± 0.4 4.7 ± 1.0 6.6 ± 1.6
Average ± SD (n = 70) (n = 14) (n = 3) (n = 2) (n = 3) (n = 2)
Each RINe value is reported at the average with SD. Number of samples tested shown in brackets0
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genome, sequencing reads of all libraries except for the one
library with the low input RNA mapped to 94 to 95% of the
feline genome. The low quantity RNA sample with a high
RINe value only mapped 87.53% of the reads to the feline
genome. RNA-seq data from each sample as genome wide
expression were plotted to investigate the similarity of whole
genome expression profile within the given samples (Fig. 5).
Interestingly the low yielding RNA sample with a high RIN
(Supplementary Table S1) was defined as an outlier from the
other samples which might have been caused by the low ex-
pression of genes and low quality of the cDNA library due to
low yield of RNA rather than quality of RNA (Fig. 5).
Discussion
Selection of high quality and quantity RNA is important for
downstream gene expression studies using next generation
sequencing. The first challenge of extracting RNA from cer-
tain types of clinical samples e.g. extracted teeth, is to obtain a
good yield of RNA from potentially small quantities of tissue.
The wet weights of intact adult teeth range from 100 to
200 mg for mandibular premolars, 400 to 550 mg for canines,
and 10 to 40 mg for incisors. Even the larger carnassials (the
third molar in the maxillary arcades and the first molar in
mandibular arcades) were often less than 500 mg. Like other
mineralised tissues, dental tissues are relatively acellular com-
pared to soft tissues as they contain a large amount of hy-
droxyapatite and collagen (Ten Cate and Nanci 2003). In the
cases of these clinical samples, only small quantities of tissues
were available due to the loss of dental tissues during the TR
disease progression. In some cases, treatment of TR such as
partial crown amputation in case of type 2 TR can further
reduce availability of tissues (Reiter and Soltero-rivera
2014). TR affected tissues undergo apoptotic processes and
stimulate inflammation which can lead to extensive loss of
tissues (Dupont and Debowes 2002; Booij-vrieling et al.
2010). Here we compared tissue processing and RNA isola-
tion protocols to maximise the yield of RNA and improve the
quality of the RNA obtained from feline teeth. In our study,
the average yield of RNA from feline tooth samples with a wet
weight of less than 50 mg was below 1.0 μg of total RNA.
This quantity of RNA limits the application for expression
studies. For example, in many gene expression studies
(Delaurier et al. 2002; Kessler et al. 2009; Gunter et al.
2013), an input of 0.5 to 2 μg of RNA for reverse transcription
was used. Microarray or RNA sequencing studies require a
relatively low amount of RNA due to their high sensitivity.
For instance, for cDNA library construction using the TruSeq
stranded mRNA kit, 100 ng of RNA can be used as a mini-
mum input according to the manufacturer’s protocol.
However, larger quantities of RNA are required to assess the
quality and quantity of RNA (e.g. the minimum required by
our facility, Edinburgh Genomics is 1.2 μg: 0.2 μg for quality
control and 1 μg for library preparation). Therefore the total
recommended amount of RNA is 2.2 μg to allow for two
attempts at library preparation. In this study, we used 0.8–
1 μg of total RNA. As tooth samples with wet weights of
100 to 500 mg yielded more than 1.0 μg of total RNA, we
would recommend that gene expression or sequencing studies
aim for at least 100 mg of wet weight as a minimum tooth
sample size.
Different tissue processing methods were compared based
on the RNA quality obtained. As endogenous ribonucleases
(RNAse) are widely present in tissues, RNA can be rapidly
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Fig. 4 RNA quality and reference gene expression. Expression levels of
three reference genes were generated as average of cycling threshold (Ct)
with standard error of the mean (bars). (GAPDH * p < 0.05 by two sample
t-test, RPS19 *P < 0.05 by two sample t-tests, RPL17 (P > 0.1 by Mann-
Whitney U-test). Low: RINe ≤5, Moderate: 5 < RINe <6, High: RINe ≥6.
Bars indicate standard deviation
Table 3 Spearman correlation coefficients for different metrics used to
assess RNA quality of feline teeth
Metric used to assess RNA quality RIN e
A260:280 ratio
Correlation coefficient 0.079
P value 0.781
A230:260 ratio
Correlation coefficient 0.353
P value 0.197
Spearman rho test was performed to assess level of correlation between
RINe values and the A260:280 ratios or the A260:230 ratios obtained for all
of the samples
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degraded. To minimize RNA degradation tissue samples are
routinely snap frozen by immersion in liquid nitrogen imme-
diately upon collection and then homogenized in the presence
of a powerful protein denaturant (chaotropic agent usually
guanidinium isothiocyanate). However as liquid nitrogen is
often not readily available when collecting clinical samples
from most veterinary practices, RNAlater® is a commonly
used RNA stabilization solution because of the convenience
of tissue storage at room temperature. However, when tooth
samples were extracted and stored in RNAlater®, the extract-
ed RNA was highly degraded. This was likely to be due to
poor permeability of RNAlater® into the highly mineralised
teeth. In order to achieve effective preservation of tissue using
this reagent, tissues need to be dissected into small pieces to
allow adequate diffusion of the chemical into the tissues
(Lader 2012). Other studies have also reported the limited
application of RNAlater® in hard tissues (Clements et al.
2006; Carter et al. 2012). Our data showed that snap freezing
using liquid nitrogen improved RNA quality. However, the
necessity for liquid nitrogen is likely to limit the application
of this processing protocol outside of the laboratory environ-
ment. In order to collect large number of samples in a clinical
setting, the ability to collect and store samples at room tem-
perature would be a great advantage. For example it allows for
recruitment of several practices to contribute samples to clin-
ical studies even if they have no access to liquid nitrogen. Our
study does however suggest that for soft tissue samples that
can be trimmed into small pieces, collection and storage in
RNAlater® is likely to be adequate.
In our study, tissue samples that were stored at suboptimal
temperatures during phenotyping (assessment of TR status,
i.e. became defrosted during the dental radiographic proce-
dure) or were subjected to potentially high temperature during
processing (i.e. while extracting the teeth using dental burs at
post mortem) also showed marked RNA degradation. By
optimising our protocols, we managed to achieve average
RINe values of between 5 and 6. The average RIN e value
reported in this study is lower than what is reported in other
a b
Fig. 5 The effect of low yield RNA sample on RNA-seq two-dimension-
al MDS plot of genome-wide expression profiles. (A) MDS plot showed
that the one low quantity RNA sample (highlighted with a square) was
displayed as an outlier while other samples were clustered together. (B)
When the low yielding RNA sample was excluded from the data set, data
from all samples were displayed evenly and clustered. There was no
obvious outliers
Table 4 RNA integrity effect on
cDNA library and sequencing Categories by RIN
e High (n = 5) Moderate (n = 4) Low (n = 5) Total (n = 14)
RINe of RNA 6.9 ± 0.4 5.4 ± 0.3 4.5 ± 0.3 5.6 ± 1.1
Yield High* High High High*
% duplicate reads 40.4 ± 14.1 # 34 ± 7.9 ## 30.4 ± 5.5 34 ± 7.9 35.3 ± 10.3
% mapped reads 94.2 ± 3.9 95.4 ± 1.7 95.4 ± 1.7 95.0 ± 2.5
Each value is reported at the average with standard deviation.* include one low yield RNA sample. # shows %
duplicate reads with the low yield RNA sample included, and ## shows it excluding the low yielding sample
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studies using soft tissues. However other studies extracting
RNA from mineralised tissues reported similar limitations
where RNA from hard tissues was more degraded than RNA
extracted from soft tissues (Sun et al. 2012; Carter et al. 2012).
We also investigated if there were any correlation between
RNA purity as measured by the A260:280 and A230:260 ratios
and RNA integrity as measured by RINe values. The A260:280
ratios were similar in all RNA samples regardless of RINe value.
Whilst the A230:260 ratios, were more variable between samples
than the the A260:280 ratios, there was no correlation to the RIN
e
values of the samples. This implies that these two indicators
cannot be reliably used as parameters of RNA integrity or quality.
To investigate the impact of RNA integrity and quality on
gene expression, expression of three reference genes was com-
pared. When equal amount of RNA is reverse-transcribed and
analysed by qPCR, the values of Ct of the reference gene is
expected to be similar across samples (Conde et al. 2012;
Belluoccio et al. 2013; Chapman and Waldenstrom 2015).
Also, it should show minimal variability in its expression.
Two reference genes, GAPDH and RPS19 showed different
expression levels depending on the degradation of RNA with
the high RINe value group showing the highest expression with
the lowest Ct. Only RPL17 was similar between the three
groups. We recognise that reference genes may intrinsically
vary between samples or tissues, but these reference genes have
been extensively tested and used in our lab on a range of feline
tissues and cell lines and have overall proved the most consis-
tent. The difference in reference gene expression might be
affected by the extent of degradation of RNA, but it may
also imply that certain genes have a more stable gene ex-
pression in a specific type of tissue (Penning et al. 2007).
For further investigation of the impact of RNA quality and
quantity on RNA sequencing, we evaluated RNA-seq data relat-
ed to RNA quantity and quality. We collected 13 RNA samples
with RNA yields of more than 1.0 μg of total RNA and one
clinical sample with a very low yield of total RNA. Thirteen
TruSeq stranded mRNA libraries were generated using 1.0 μg
of total RNA, while for the low yielding sample only 0.8 μg of
total RNA was used. Our data revealed that the RNA-seq data
from the low input RNA samplewas an outlier which skewed the
data set of the whole genome expression profiles. It was docu-
mented that degraded RNA samples using poly A selection for
preparation of cDNA library are likely to cause 3′ mapping bias
that might have an effect on false positives in differential expres-
sion and the quantification of duplicate reads (Sigurgeirsson et al.
2014). In our data, duplication rates and percentage of mapped
reads were similar across a range of RINe values. The cDNA
library complexity and duplication profiles were affected by the
low input of RNA rather than by RNA integrity. Therefore the
low yield RNA sample was not suitable for RNA-seq analysis
and was excluded in the final data analysis. We concluded that
the overall yield of the RNA for input into RNA-seq was more
important than the quality of RNA for RNA-seq quality control.
Recently, there have been technical advances made to allow for
low input of RNA or degraded RNA from clinical samples,
formalin-fixed paraffin-embedded samples or single cell samples
to be used (Deluca et al. 2012; Adiconis et al. 2013; Gallego
Romero et al. 2014; Wu et al. 2014). Therefore for gene expres-
sion studies, and in particular for high throughput sequencing,
RNA extraction protocols, generation of cDNA libraries, RNA-
seq and bioinformatics need to be considered and customised. It
is likely there will be further opportunities to overcome these
limitations in the future.
The goal of this study was to identify improved protocols for
RNA extraction from calcified tissues to maximise its applica-
tion for gene expression studies using precious clinical samples.
Here we optimised a protocol to maximise RNA yield with
improved quality extracted from feline teeth in a clinical setting
and at post mortem. We suggest that minimum amounts of
sample are required for a conventional gene expression study.
We also identified that it was critical to keep the samples frozen
in liquid nitrogen and /or dry ice during the entire tissue pro-
cessing procedure including the tissue homogenisation process.
We further investigated parameters commonly utilised to assess
RNA purity and integrity and its correlation to gene expression
and RNA-seq. Overall the degradation of RNAwas inevitable
to some extent when extracting RNA from mineralised tissues
such as teeth, but with our optimised protocol we managed to
extract RNAwith only moderate degradation, and the RNA-seq
data from these samples still yielded usable data for further
analysis. Furthermore this detailed protocol should have bene-
ficial applications for RNA processing and analysis in
mineralised tissue from many animal species either obtained
via the clinic or in a research environment.
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